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ABSTRACT

A mid-Paleocene to early Eocene encounter between an oceanic spreading center
and a subduction zone produced a wide range of geologic features in Alaska. The
most striking effects are seen in the accretionary prism (Chugach-Prince William ter-
rane), where 61 to 50 Ma near-trench granitic to gabbroic plutons were intruded into
accreted trench sediments that had been deposited only a few million years earlier.
This short time interval also saw the genesis of ophiolites, some of which contain syn-
genetic massive sulfide deposits; the rapid burial of these ophiolites beneath trench
turbidites, followed immediately by obduction; anomalous high-T, low-P, near-trench
metamorphism; intense ductile deformation; motion on transverse strike-slip and
normal faults; gold mineralization; and uplift of the accretionary prism above sea
level. The magmatic arc experienced a brief ffare-up followed by quiescence. In the
Alaskan interior, 100 to 600 km landward of the paleotrench, several Paleocene to
Eocene sedimentary basins underwent episodes of extensional subsidence, accompa-
nied by bimodal volcanism. Even as far as 1000 km inboard of the paleotrench, the
ancestral Brooks Range and its foreland basin experienced a pulse of uplift that fol-
lowed about 40 million years of quiescence.

All of these events-but most especially those in the accretionary prism-can be
attributed with varying degrees of confidence to the subduction of an oceanic spread-
ing center. In this model, the ophiolites and allied ore deposits were produced at the
soon-to-be subducted ridge. Near-trench magmatism, metamorphism, deformation,
and gold mineralization took place in the accretionary prism above a slab window,
where hot asthenosphere welled up into the gap between the two subducted, but still
diverging, plates. Deformation took place as the critically tapered accretionary prism
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adjusted its shape to changes in the bathymetry of the incoming plate, changes in the
convergence direction before and after ridge subduction, and changes in the strength
of the prism as it was heated and then cooled. In this model, events in the Alaskan
interior would have taken place above more distal, deeper parts of the slab window.
Extensional (or transtensional) basin subsidence was driven by the two subducting
plates that each exerted different tractions on the upper plate. The magmatic lull
along the arc presumably marks a time when hydrated lithosphere was not being
subducted beneath the arc axis. The absence of a subducting slab also may explain
uplift of the Brooks Range and North Slope: Geodynamic models predict that long-
wavelength uplift of this magnitude will take place far inboard from Andean-type
margins when a subducting slab is absent. Precise correlations between events in the
accretionary prism and the Alaskan interior are hampered, however, by palinspastic
problems. During and since the early Tertiary, margin-parallel strike-slip faulting has
offset the near-trench plutonic belt-i.e., the very basis for locating the triple junction
and slab window-from its backstop, by an amount that remains controversial.

Near-trench magmatism began at 61 Ma at Sanak Island in the west but not until
51 Ma at Baranof Island, 2200 km to the east. A west-to-east age progression suggests
migration of a trench-ridge-trench triple junction, which we term the Sanak-Baranof
triple junction. Most workers have held that the subducted ridge separated the Kula
and Farallon plates. As a possible alternative, we suggest that the ridge may have sep-
arated the Kula plate from another oceanic plate to the east, which we have termed
the Resurrection plate.

Keywords: massive sulfide deposits, gold mineralization, brittle faulting, accretionary

prism, ridge subduction, Chugach-Prince William teuane, Sanak Island, triple junction.

INTRODUCTION

Southern Alaska has a long history as a convergent margin,
where various plates of the Pacific Ocean have been subducted.
During much of the time since the Jurassic, it is possible to rec-
ognize the same standard elements of a subduction zone that are
seen today: backarc, magmatic arc, forearc basin, and accretion-
ary prism. Each of these elements underwent major changes in the
early Tertiary. The most striking changes were in the accretionary
prism, where near-trench granodiorite plutons-some of batho-
lithic proportions-were intruded into accreted trench deposits
that had been deposited only a few million years earlier (Moore
et al., 1983) (Figs. I and 2). At this same time, the accretionary
prism was metamorphosed at high- T, low-P conditions (Sisson
et al., 1989), ductilely deformed over large regions (Pavlis and
Sisson, 1995), cut by strike-slip and normal faults (Kusky et al.,
1997a), and mineralized by gold-bearing hydrothermal systems
(Haeussler et al., 1995). Meanwhile, very young ophiolites were
accreted onto the leading edge of the subduction complex (Kusky
and Young, 1999). It was an unusual time in the history of the
convergent margin, presumably due to special circumstances.

One important clue to the cause of early Tertiary events
in Alaska can be found offshore, in the magnetic anomalies of
the northern Pacific plate. A ~ 70-degree bend in the anomaly

pattern, known as the Great Magnetic Bight, implies that three
oceanic plates existed here in the early Tertiary, separated by
three spreading ridges (Atwater, 1989). One ridge, between
the Kula and Farallon plates, headed in the general direction
of North America-but exactly where it intersected the margin

cannot be deciphered from marine magnetic anomalies, because
all of the evidence has been subducted (Page and Engebretson,
1984; Atwater, 1989). The track of a migrating trench-ridge-
trench triple junction is suggested, however, by the near-trench
plutons in Alaska. As will be shown, ridge subduction provides
the most reasonable explanation for these plutons, which define
the Sanak-Baranofplutonic belt of Hudson et al. (1979). If the
Great Magnetic Bight is a smoking gun, the near-trench plutons
would then be the bullet holes. In fact, ridge subduction provides
such an elegant rationale for the age, location, and geochemistry
of these plutons that since being first proposed a quarter-cen-
tury ago (Marshak and Karig, 1977), it has become the leading
hypothesis ( e.g., Helwig and Emmet, 1981; Hill et al., 1981 ;
Moore et al., 1983; Barker et al., 1992; Sisson and Pavlis, 1993;
Bradley et al., 1993; Pavlis and Sisson, 1995; Haeussler et al.,
1995; Poole, 1996; Harris et al., 1996).

The case for early Tertiary ridge subduction in Alaska has not
been universally embraced. For example, Engebretson's (1985)
widely cited plate reconstructions showed the Kula-Faralloll ridge
being subducted at the latitude of Washington, and no ridge-
trench interactions in Alaska. In Platker and Berg's 1994 Decade
of North American Geology synthesis of Alaskan tectonic evolu-
tion, they likewise showed no ridge intersecting the Alaskan mar-
gin during the time in question. Various alternative explanations
for the near-trench plutons-published and unpublished-have
been put forth: They were emplaced along an arc that had jumped
to an extreme trenchward position (Kienle and Turner, 1976); they
record anatectic melting of a thick pile of recently subducted
flysch (Hudson et al., 1979); the trench overrode a hotspot; very
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a Mesozoic and Cenozoic accretionary prism, referred to as the

Chugach-Prince William terrane ( or composite terrane ), which
is discussed in more detail below. It was built in piecemeal fash-

ion by subduction-accretion and lies seaward of the Wrangellia

composite terrane (Fig. 3). Between the two, and resting on both,

lies the Cook Inlet forearc basin. The modern forearc basin had

an ancestry in the Triassic, Jurassic, and parts of the Cretaceous

when it received many kilometers of sediment from the nearby

magmatic arc. The early Tertiary history of this basin bears on

the ridge subduction hypothesis (Trop et al., this volume, Chap-

ter 4). The active volcanoes of the modern arc are built largely on

basement of the Wrangellia composite terrane, which includes

arc batholiths and associated volcanic and volcaniclastic rocks

of Jurassic, Cretaceous, and early Tertiary age. The inboard
suture of the Wrangellia composite terrane is marked by a belt of

deformed Jurassic-Cretaceous flysch, host to a suite of59-55 Ma

granitic plutons that will be mentioned in a later section on pos-

sible inboard effects of the slab window. The complex region

between the Alaska Range and Brooks Range (F ig. 1 ), underlain

largely by the Yukon- Tanana continental margin terrane, is of

only peripheral interest to the present study. In northern Alaska,

the Brooks Range orogen records a Jurassic to Early Cretaceous

collision between the Yukon-Koyukuk magmatic arc and a south-

facing (present coordinates) passive margin of the Arctic Alaska

terrane. Tectonic transport was to the north and the resulting

orogenic load formed a foreland basin on Alaska 's North Slope

(Fig. 1 ). The Alaskan terrane collage is cut by margin-parallel

strike-slip faults such as the Border Ranges, Denali, and Tintina

(Fig. 1 ). As will be discussed, the sense, amount, and timing of

motion bears on correlations between events in the Alaskan inte-

rior and those in the Chugach-Prince William terrane.

The Chugach-Prince William accretionary prism is sub-

divided into belts of accreted ocean-floor rocks that young in

a seaward direction. The most landward belt consists of high-

pressure metamorphic rocks (Fig. 3) that were metamorphosed

during the Early Jurassic, as summarized, for example, by

Dusel-Bacon et al. (1993). The next belt is an argillite-matrix

melange containing blocks and fault slices of Triassic to middle

Cretaceous chert and basalt, undated graywacke, rare Perm-

ian limestone, and a few Triassic-Jurassic ultramafic-mafic

complexes (Uyak Complex, McHugh Complex, and Kelp Bay

Group; Connelly, 1978; Bradley and Kusky, 1992; Decker,

1980). Small near-trench plutons and numerous dikes intrude

these rocks. The next outboard belt contains Upper Creta-

ceous flysch that has been assigned to the Shumagin Forma-

tion, Kodiak Formation, Valdez Group, and part of the Sitka

Graywacke (Moore, 1973; Nilsen and Moore, 1979; Nilsen and

Zuffa, 1982; Decker, 1980). The biggest near-trench plutons

and largest areas of high-temperature, low-pressure metamor-

phism occur in the Upper Cretaceous flysch belt. In Prince Wil-

liam Sound, mafic volcanic rocks are interbedded with flysch

assigned to the Valdez Group. Farther outboard lie belts of

flysch assigned to the Ghost Rocks Formation and Orca Group

(Moore et al., 1983; Moore and Allwardt, 1980; Helwig and

young, hot, oceanic lithosphere was subducted; a "leaky trans-
fonn" entered the trench (Tysdal et al., 1977); near-trench mag-
matism was the product of flexural extension ofa single downgo-
ing plate (Tysdal et al., 1977); and a subducted slab broke off,
exposing the overriding plate to a slab window. As will be dis-
cussed at greater length below, the evidence now in hand is best
explained by the ridge subduction hypothesis. Accordingly, as this
volume itself makes clear, the emphasis of current research has
shifted from testing alternative tectonic scenarios, to refining the
ridge subduction scenario and studying processes of ridge sub-
duction. By analogy, studies of the Franciscan Complex have long
since advanced beyond the question of whether or not it is the
product of subduction, to questions about subduction zones. Still,
it behooves us to not forget alternative explanations that are no
longer in the forefront. This philosophy guides the first part of the
present paper, a non-interpretive discussion of Alaska's early Ter-
tiary geologic record.

Our descriptive overview of the geology is based on our
own experience gained through field work during the past two
decades, as well as on published findings. Most of our work was
done in connection with 1 :250,OOO-scale reconnaissance bed-
rock mapping and resource assessment by the U .S. Geological
Survey in the Seldovia, Seward, Cordova, Valdez, Sitka, Port
Alexander, Talkeetna, and Talkeetna Mountains quadrangles
(Figs.2 and 3). We emphasize geology of the accretionary
prism, rocks most pertinent to the subduction history. Specific
aspects of the early Tertiary geology of the accretionary prism
have been discussed in several dozen publicaiions-but a
comprehensive synthesis has been lacking. The early Tertiary
record of interior Alaska is covered here in less detail, because
new research has just been started that will quickly eclipse our
present knowledge. In the Alaskan interior, various episodes of
early Tertiary basin subsidence, uplift, magmatism, and miner-
alization attest to significant tectonic activity that presumably
was related to events along the continental margin-but reliable
correlations must await tighter dating and new infonnation on
the amount of margin-parallel strike slip.

The second part of the paper is interpretive. Here we pre-
sent the case that ridge subduction provides a unifying rationale
for the broad range of evidence, and we consider the various
competing, but to us less satisfactory, hypotheses. We conclude
with some general observations about ridge subduction, and a
discussion of some outstanding problems in Alaska.

GEOLOGIC SETTING

Alaska consists of a collage of terranes that were accreted to
the western margin of North America as a result of complex plate
interactions through most of the Phanerozoic. Comprehensive
reviews and bibliographies of the regional geology are given by
Platker et al. (1994) and Nokleberg et al. (1994). Those terranes
of particular significance to the present study are introduced here
along a south-to-north transect along the hinge of the southern
Alaska orocline (Fig. 1 ). Alaska's Pacific margin is underlain by
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Emmet, 1981 ). These units include mafic and ul~amafic rocks
that, we will argue, formed near the trench-ridge-trench triple
junction. Penetrative deformation and regional metamorphism
occurred in the accretionary prism during and shortly after sub-
duction-accretion in the Jurassic, Cretaceous, and Paleocene
(Dusel-Bacon et al., 1993). Near-trench plutons were emplaced
into the accretionary prism after this deformation. More deep-
sea turbidites (Eocene Sitkalidak Formation and the outboard
part of the Orca Group; Moore and Allwardt, 1980; Helwig and
Emmet, 1981) occur outboard of the Sanak-Baranofbelt; these
younger turbidites are not cut by the plutons, and were depos-
ited and accreted after near-trench magmatism.

The Yakutat terrane, which occupies a belt along the coast
where the Alaskan panhandle joins the mainland (Figs. 2 and 3),
is regarded as a segment of the Chugach-Prince William terrane,
now located some 600 km north of its original position (Platker et
al., 1994). Like the Chugach-Prince William terrane, the Yakutat
includes Mesozoic melange and flysch, and Tertiary near-trench
plutons (Platker et al., 1994). A 3 km thick succession of late
Paleocene to Eocene marine clastic rocks, basalt, and minor
coal, which has no obvious counterpart in the Chugach-Prince
William terrane, spans the age of near-trench magmatism-but
connections between particular rock units and tectonic regime
have not yet been studied.

NEAR- TRENCH INTRUSIVE ROCKS

Near-trench intrusive rocks along the Gulf of Alaska mar-
gin (Fig. 2) are of two broad age groups: Paleocene to early
Eocene, and latest Eocene to early Miocene. The latter present
an intriguing problem, but are younger than events of interest
here. The Paleocene to early Eocene plutons include granodio-
rite, granite, tonalite, and gabbro (Hudson et al., 1979; Hudson,
1983). Swarms of basaltic to rhyolitic dikes, known or inferred
to be of the same range of ages as the Paleocene to early Eocene
plutons, have been mapped along some sectors of~e margin.

The mapped limits of the Sanak-Baranofplutonic belt and
the Chugach-Prince William accretionary prism are nearly
identical. To the west of Sanak Island, any offshore continua-
tion of the near-trench intrusive belt would presumably follow
the Beringian margin (Fig. 1) where a pre-Eocene accretionary
prism is inferred in the subsurface (Worrall, 1991). The Sanak-
Baranof belt is not recognized to the southeast of Baranof
Island, but, subject to restoration of 600 km of margin-parallel
dextral displacement, the near-trench plutons of the Yakutat
terrahe would appear to represent the former southeastward
continuation of the belt.

Geochronology

Near-trench magmatism progressed from west to east.
This is shown in two plots, one for U/Pb and 4°Arj39Ar ages
and another for conventional K/ Ar and Rb/Sr isochron ages
(Fig. 4). The conventional K/Ar data (Fig. 4B) have consider-

able scatter and large error bars, and the black-box nature of the
method sometimes makes it difficult if not impossible to tell a
"good" date from one that reflects excess argon, partial argon
loss, or complete resetting. Two decades ago, when only K/Ar
and Rb/Sr data were available, some researchers held that the
near-trench intrusives fell into two age groups, ca. 60 Ma in the
west and ca. 50 Ma in the east ( e.g., Hudson et al., 1979). Others
(e.g., Helwig and Emmet, 1981; Moore et al., 1983) interpreted
a more gradual younging trend. Following W. Clendenen (1989,
written commun.), Bradley et al. (1993) compiled available
geochronology and, by means of early versions of Figures 4A
and 4B, showed a clear west-to-east younging trend. Since 1993,
new 4{) ArP9 Ar and U/Pb dating has confirmed and refined the age

progression (Fig. 4A) (Bradley et al., 1993, 2000; Haeussler et
al., 1995). Most convincing is the trend shown by the concordant
U/Pb TIMS data from zircon and monazite-the least equivocal
way to date granitic rocks of this age. These were deliberately
shown with the boldest symbols in Figure 4A. The other data in
Figure 4A show the same overall west-to-east younging trend,
but are not as bombproof-the discordant U/Pb ages because
they rest on a judgment ofwhether inheritance or lead loss was
responsible for discordance, and the 40 ArP9 Ar ages because they

date cooling rather than intrusion.
The age-distance plots in Figure 4 show several other tec-

tonically significant features. (1) Other fields. Most of the con-
ventional K/Ar data shown (Fig.4B) clearly correspond to the
diachronous cluster of U/Pb and 4°Ar/39Ar data (Fig.4A)-the
"main Sanak-Baranoftrend" as used below. Some of the K/Ar
ages, however, require other explanations. Fields 2 and 3 are
younger than the main Sanak-Baranoftrend, and are seen in both
Figures 4A and 4B. Field 2 corresponds to the late Eocene to Oli-
gocene plutons ofPrince William Sound. Field 3 likely includes
a combination of emplacement ages in the range 35-45 Ma, and
reset or cooling ages of older plutons. Field 1, older than the main
Sanak-Baranoftrend, is a group of conventional K/ Ar amphibole
ages suspected of reflecting excess argon (Onstott et al., 1989).
Bradleyet al. ( 1993) provided some additional discussion of these
fields. (2) Onset of magmatism. Magmatism began ca. 61 Ma
on Sanak Island but not until 51 Ma on Baranof Island, some
2200 km along strike to the east (Fig. 4). The 61 Ma age quoted
here for the onset of magmatism at the western end of the belt
is based on a new concordant U/Pb zircon age of the Shumagin
pluton (Bradley et al., 2000) and is younger than the 63--66 Ma
age range quoted by Bradley et al. (1993), which was based on
the K/Ar and Rb/Sr ages shown in Figure 4B. The 51 Ma age
quoted here for the onset ofmagmatism at the eastern end of the
belt (Bradley et al., 1993) is based on one new concordant U/Pb
and two new 40 ArP9 Ar plateau ages, and is older than the 50 Ma

age quoted by Bradley et al. (1993). (3) Duration ofmagmatism
at a given place. At face value, the dates in Figure 4A would seem
to suggest that magmatism locally spanned 3-5 million years, at
least along certain sectors of the margin. Conversely, near-trench
magmatism would appear to have taken place simultaneously
along a considerable length (~500 km) of continental margin.
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Figure 4. Isotopic ages ofnear-trench intrusive rocks of the Sanak-Baranofbelt, plotted against distance along strike. Distances along the x-axis
were measured from Sanak Island on Beikman's (1980) geologic map of Alaska; the map projection was responsible for errors up to about +5%
in some cases. Data in this plot are mainly from the tabulation by Bradley et al. (1993) and two sequential updates, by Haeussler et al. (1995) and
by Bradley et al. (2000). Table I summarizes new results since the latter paper went to press, and was current as of September 2001. Other papers
in this volume may contain new dates that are not plotted here or listed in Table I. A: U/Pb and 40 Arj39 Ar ages. Short error bars are obscured be-
hind the symbols for most dates. B: Conventional K/Ar and Rb/Sr isochron ages. "Rejected" K/Ar ages are shown for the sake of completeness,
but have errors > 10% or are significantly younger than other K/ Ar ages from the same sample.

Only on Baranof Island, however, has a significant (-4 m.y.)
age span been confirmed by concordant U/Pb ages. Some of the
apparent age span is probably an artifact of cooling ages.

Point-count data ftom a variety of plutons indicate plagioclase,
quartz, biotite and K-feldspar as the major minerals listed in order
of decreasing abundance. Hornblende is present in a few plutons,
muscovite in others. Zircon and apatite appear to be ubiquitous;
monazite has been noted in two plutons. Magmatic andalusite
occurs in one pluton in the Chugach metamorphic complex
(I. Sisson, 2001, written commun.). The Nuka pluton (Fig.3)
appears to be the source of corundum in pan concentrates ftom
a number of drainages entirely within the pluton (D. Tripp, U.S.
Geological Survey, 1993, written commun.). Kyanite xenocrysts,
discussed later, have been reported ftom at least five plutons (Hill
et al., 1981; Kusky et al., this volume, Chapter 12).

Petrology and Geochemistry

The predominant plutonic rock of the Sanak-Baranofbelt is
granodiorite (Fig. 5). Some plutons also include granite, tonalite,
and quartz diorite phases (Fig. 5), which mainly differ from the
granodiorites in the proportion ofK-feldspar. Tonalite and quartz
diorite are more common in the eastern than the central or western
parts of the belt. All of these show calc-alkaline affinities (Fig. 6).
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Gabbroic plutons have been described from as far west as
Kodiak (Moore et al., 1983), but appear to be much more abun-
dant in the eastern half of the Sanak-Baranof belt. Until very
recently, the geochronological basis for including these mafic
plutons in the Sanak-Baranofbelt was problematic and merits a
brief digression. Conventional K/ Ar ages on these rocks range
from 19 to 64 Ma (Bradley et al., 1993); none, however fall
exactly within the 61-50 Ma range that has been established for
Sanak-Baranofmagmatism by modern geochronological meth-
ods. When Bradley et al. compiled the available geochronology
in 1993, the most compelling evidence for including any of the
mafic plutons in the Sanak-Baranof belt was from the Rude
River pluton (location 10, Fig. 3), which includes a gabbroic
phase that had yielded a conventional K/ Ar hornblende age of
64.5 Ma (probably too old due to excess argon), and a granodi-
orite phase that had yielded a K/ Ar biotite age of 52.3 Ma. Bet-
ter evidence is now available. Gabbroic bodies on Yakobi and
Chichagoflslands (Fig. 2) grade into and are comagmatic with
tonalite (Himmelberg etal., 1987) that recently has yielded 40 Ar/
39 Ar biotite ages of 50.3 and 50.5 Ma (Table I ). In this voluine
(Chapter 13), Sisson et al. report a 40 Ar/39 Ar hornblende plateau

age of 53.8:!: 0.4 Ma from a diorite in the Yakutat terrane near
Yakutat. Himmelberg et al. (1987, their Figs. 3-5) showed that
the mafic rocks on Yakobi and Chichagof Islands range from
hornblende pyroxenite to hornblende-pyroxene gabbronorite to
quartz-bearing gabbronorite and gabbronorite. Local magmatic
sulfide deposits (e.g., Bohemia Basin), which presumably
formed from an immiscible sulfide melt in the silicate magma,
contain pyrite, chalcopyrite, and pentlandite (Himmelberg et
al., 1987). Another well-studied pluton, associated with the
much larger Brady Glacier magmatic sulfide deposit, is the
funnel-shaped La Perouse layered mafic-ultramafic intrusion
(Fig. 2) (Loney and Himmelberg, 1983). Unfortunately, it has
not been reliably dated, having yielded a number of difficult-
to-interpret K/Ar and 4°Ar/39Ar ages on biotite and hornblende
ranging from 44 to 28 Ma (Bradley et al., 1993).

Dikes of the Sanak-Baranof belt have been studied most
thoroughly in the Seldovia quadrangle (Fig. 3) (Bradley et al.,
1999; Lytwyn et al., 2000). Almost all are dacite, rhyolite, or
andesite (Fig. 6A). The rhyolite dikes are porphyritic, contain-
ing 10-20% phenocrysts (.5 to 2 mm) in a very fine groundmass.
Phenocrysts include plagioclase :!: resorbed quartz:!: biotite.
The microcrystalline to granular groundmass has plagioclase
> quartz > potassium feldspar, and secondary white mica and

locally, minor epidote. The dacite dikes, where porphyritic, con-
tain phenocrysts of plagioclase (commonly zoned), lesser to no
mafic minerals (altered biotite and locally amphibole), and rarely
potassium feldspar and garnet. Groundmass consists of plagio-
clase > quartz > potassium feldspar, and locally biotite altered to
chlorite. Secondary white mica and calcite are ubiquitous. The
andesite dikes are primarily fine-grained seriate texture. Locally,
the andesite is porphyritic, containing up to 10% phenocrysts of
brown hornblende in a groundmass of plagioclase, brown horn-
blende, chlorite after an unknown mafic mineral, minor quartz,

and little to no potassium feldspar. Hornblende is locally altered
to actinolite + chlorite. Some samples have secondary white
mica and prehnite. The basaltic andesite is generally fine-grained
seriate in texture consisting of plagioclase, clinopyroxene, and
lesser quartz. The clinopyroxene is partly replaced by brown
hornblende and later chlorite. Secondary prehnite, sphene, and
minor epidote occur between grains; calcite alteration is present
locally. Alteration is pervasive, as might be expected of dikes
emplaced into a submarine accretionary prism.

The dikes are correlated on geochronological grounds with
the Sanak-Baranof plutons. A dacite dike yielded a 4°Ar/39Ar
hornblende age of 57.2 :!: 0.8 Ma (Bradley et al., 2000); an
altered, weakly mineralized dike yielded a 40 Ar/39 Ar sericite

age of 57.3 :!: 0.1 Ma (Haeussler et al., 1995). Comparable
ages have been obtained from nearby plutons and all of these
dates fall on the Sanak-Baranof age trend (Fig. 4). One other
dike from the Seldovia quadrangle yielded a surprisingly old
40 Ar/39 Ar hornblende age of 115.0 :!: 1.7 Ma (Bradley et al.,

2000) (location 2, Fig. 3). This hornblende-phyric basaltic
andesite, which cuts the McHugh Complex, is petrographically
distinct-but its existence does make us suspect that at least
a few other dikes in the McHugh Complex are older than the
Sanak-Baranof intrusive rocks.

Major- and trace-element geochemical data have been
reported for a number ofplutons and dikes in the Sanak-Baranof
belt (e.g., Hill et al., 1981; Barker et al., 1992; Lytwyn et al.,
2000). Probably the most comprehensive data set available-
11 plutons and 74 dikes-is from the Seldovia quadrangle
(analytical data are in the Appendix'). Although the dikes as a
group have a much wider range of SiO2 than the plutons, major-
and trace-element data overlap. Both plot in the calc-alkaline
field of an AFM diagram (Fig. 6B). Chondrite-normalized REE
abundances vary with silica composition (Fig. 7 A-E). The
least-altered mafic rock, a basaltic andesite, has a flat, MORB-
like pattern; the intermediate and siliceous dikes and the grano-
diorite plutons are enriched in light REE. Some rhyolites and
granites show a pronounced negative Eu anomaly. Trace ele-
ment spidergrams from the same samples (Fig. 7F-J), normal-
ized to chondrite after Sun ( 1980), show similar variations with
silica composition. The basaltic andesite sample lacks any
strong anomalies and broadly resembles the E-MORB pattern
illustrated by Sun and McDonough (1989). The intermediate
and siliceous dikes and the granodiorite plutons show negative
anomalies in Ta, P, and Ti and a strong positive Pb anomaly.
Mafic dikes from the Seldovia area are transdicriminant on
various tectonic discriminant plots (Lytwyn et al., 2000).

Recent workers have differed only in detail on the pet-
rogenesis of the Sanak-Baranof intrusives. On the basis of

lGSA Data Repository item 2003123, Appendix I, geochemical analytical data
for near-trench intrusive rocks, Seldovia quadrangle, Alaska (Table DRI, "Geo-
logic signature of early Tertiary ridge subduction in Alaska"), is available on
request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-
9140, USA, editing@geosociety.org, at www.geosociety.org/pubs/ft2003.htm,
or on the CD-ROM accompanying this volume.
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TABLE 1. RECENTLY DETERMINED ISOTOPIC AGES OF INTRUSIVE ROCKS FROM THE SANAK-BA~NOF BELT

Age
(Ma)

Error
(m.y.)

Method and
mineral

Distance
from

Sanak
Island

Igneous body Quad Field
number or

location

Latitude
(N.)

Longitude
(W.)

Reference
or

geochronologist

40Ar/39Ar
hornblende

SI 93CH-47 57°51'33" 136°24'36" 51.5 0.1 2003 c. Taylor, R. Goldfarb, L. Snee,
written communication, 2001

Lost Cove pluton

40Ar/39Ar
biotite

57°51'33" 136°24'36" 52.0 0.1 2003 c. Taylor, R. Goldfarb, L. Snee,
written communication, 2001

Lost Cove pluton SI 93CH-47

40Ar/39Ar

biotite

Taylor et al. (1994)Mirror Harbor pluton SI 92RG-15 57"46'16" 136°18'12" 50.3 0.1 2007

40Ar/39Ar

biotite

92RG-14A 57"46'50" 136°18'10" 50.5 0.1 2007 Taylor et al. (1994)Mirror Harbor pluton SI

40Ar/39Ar

biotite

2005 c. Taylor, R. Goldfarb, L. Snee,
written communication, 2001

Lake Elfendahl pluton SI 93CH-46 57"50'10" 136°18'05" 50.7 0.1

4°Ar/39Ar
muscovite

L. Snee & S. Karl, unpublished

data

Lake Elfendahl pluton SI 79RB062A 57"49'45" 136°17'05" 50.9 0.1 2005

4°Ar/39Ar

biotite

57"38'00" 136"15'10" 49.0 0.1 2020 c. Taylor, R. Goldfarb, L. Snee,
written communication, 2001

SI 93CH-29

40Ar/39Ar
hornblende

2022 c. Taylor, R. Goldfarb, L. Snee,
written communication, 2001

SI 93CH-27B 57"34'12" 136°09'10" 49.8 0.1

57"35'58" 136°11'51" 46.6 1.4 K/Ar 2025 Decker (1980)

White Sisters-Granite

Islands pluton at
White Sisters

White Sisters-Granite
Islands pluton at
Outer Rocks

White Sisters-Granite
Islands pluton at
Granite Islands

SI D152a

57"34'07" 136°04'40" K/Ar 2030 Decker (1980)Khaz Bay pluton SI D281a 48.1 1.4

4°Ar/39Ar

biotite

U/Pb zircon

92RG-O9 57'34'09" 136'04'42" 51.4 0.1 2030 Taylor et al. (1994)Khaz Bay pluton SI

2150 s. Karl, P. Haeussler, R.
Friedman, unpublished data

Crawfish Inlet pluton PA 99SK121A 56°44'27" 135°04'30" 50.5 0.5

Orca Group flysch and provide evidence that the granodiorites
formed by melting offlysch. Barker et al. (1992) suggested that
the most likely source of heat, and of mantle melts that formed
the gabbroic plutons, was a ridge-transform complex similar to
the one presently bounding the Explorer plate off the Cascadia
margin. They interpreted dacite dikes in their study area as the
products of partial melting of basalts at depth in the accretion-
ary prism. Harris et al. (1996), on the basis of trace-element
and Sr- and Nd-isotopic abundances, similarly interpreted
felsic dikes in the Chugach metamorphic complex in terms of
mixing between melted flysch and a mafic source associated
with subduction of the Kula-Farallon ridge. Based on trace ele-
ments, Lytwyn et al. (2000) interpreted dikes from the Seldo-
via quadrangle as representing a spectrum from I-type basalts
and andesites to S-type dacites and rhyolites, the more silicic

Sr-isotopes and trace elements, Hill et al. (1981) interpreted the
Kodiak,Shumagin, and Sanak granodiorite plutons as the prod-
ucts of mixing between MORE from a subducted spreading
center and melted flysch of the overlying accretionary prism.
Kyanite and garnet xenocrysts in several of the plutons (Hill
et al., 1981) imply that the granodiorite magmas originated at
depths of at least 20 km in aluminous metasediments of the
accretionary prism. Barker et al. (1992), working with the most
complete geochemical and isotopic data set, interpreted three
granodiorite plutons near Cordova as the product of partial
melting of arc-derived flysch at depth in the accretionary prism.
These plutons have the following isotopic compositions: 87Sr/
86Sr = 0.7051-0.7067, 2°6Pbf204Pb = 19.04-19.20, 2°7Pbf204Pb
= 15.60-15.66, 2°8Pbf2°4Pb = 38.59-38.85, and ~d = +2.1 to

-3.3-values that overlap with isotopic compositions from the
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Figure 7. A-E: REE diagrams for dikes
and plutons of the Sanak-Baranof belt,
Seldovia quadrangle, normalized to
chondrite after Sun and McDonough
(1989). F-J: Spidergrams of the same
samples, normalized to chondrite after
Sun (1980). Samples plotted are the
least altered representatives of each
rock type.
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compositions reflecting assimilation of sedimentary protolithsat the base of the accretionary prism. ,

Structure of the Intrusive Rocks

Intrusive bodies of the Sanak-Baranofbelt range from dikes
to plugs to batholiths. The larger plutons vary in shape from
concordant, elongate sill-like bodies (Kodiak batholith) to dis-
cordant, irregularly shaped masses (Aialik pluton). The plutons
and dikes were intruded after most of the regional deformation,
but some penetrative deformation was coeval with magmatism,
and some deformation happened even later. In the Seldovia
quadrangle, dikes typically crosscut accretion-related structures
(Fig. 8C), showing that near-trench magmatism occurred late in
the structural sequence. Most are unfoliated, but a few display
a weak tectonic foliation. Similarly, the Nuka and Aialik plu-
tons (locations 4 and 5, Fig. 3) are discordant in most places,
truncating folds, cleavage, and melange fabrics, which are all
attributed to subduction-accretion (Kusky et al., 1997b ). The
interiors of these plutons are unfoliated but a tectonic foliation
is well developed along the Nuka pluton's concordant landward
contact (Fig. 8B) (Kusky et al., this volume, Chapter 12). Con-
tact-metamorphic textures in the adjacent Valdez Group provide
additional evidence for syn-emplacement deformation (Fig. 9).
In the Chugach metamorphic complex (Fig. 2), dikes, sills, and
plutons of the Sanak-Baranof belt have been assigned to four
generations, of which the second and third were emplaced syn-
tectonically (Pavlis and Sisson, 1995; Harris et al., 1996).

Dikes are abundant in parts of the Sanak-Baranof belt. A
regional compilation map of dike orientations (Fig. 10; from
Haeussler et al., this volume, Chapter 5) shows several important
features. (1) In southeastern Alaska, dikes strike NW, subparallel
to the margin. (2) Dikes in the broad hinge area of the southern
Alaska orocline have quite uniform strikes of approximately N-
S, at a high angle to the margin but at a varying angle with respect
to the local structural grain. (3) In the Seldovia quadrangle, dike
strikes are roughly E- W, nearly perpendicular to the structural
grain. Separate rose diagrams for mafic to intermediate and felsic
dikes in Seldovia quadrangle show slightly different orientations.
Except in southeastern Alaska, the net effect of dike emplace-
ment was orogen-parallel extension. The cumulative thickness of
dikes measured in the Seldovia quadrangle suggests as much as
1% extension due to dike injection alone.~

gabbro and are categorized as ophiolites: the Resurrection Pen-
insula (Nelson et al., 1989; Kusky and Young, 1999), Knight
Island (Richter, 1965; Nelson and Nelson, 1993), and Glacier
Island ophiolites. Among worldwide examples of ophiolites,
these are important because their geologic relations leave little
doubt that they formed along an oceanic ridge and not in a supra-
subduction setting.

The ophiolites are known or inferred to be late Paleocene
in age. Plagiogranite from the Resurrection Peninsula ophiolite
has been dated at 57 :I: I Ma (U/Pb zircon; Nelson et al., 1989).
The ophiolites at Knight Island and Glacier Island, although
undated, are believed to be about the same age as the Resurrec-
tion Peninsula body because they are petrologically similar, and
crop out amongst the same turbiditic formations in the same
strike belt. In the Resurrection Peninsula ophiolite (Tysdal
and Case, 1979; Miller, 1984; Nelson et al., 1985; Bol et al.,
1992; Kusky and Young, 1999), the pillow lava succession is
interbedded with siliciclastic turbidites, suggesting proximity
to a continental sediment source during seafloor spreading. An
upward transition from thinly bedded to thickly bedded turbi-
dites has been interpreted as a distal-to-proximal facies change
recording the migration of the ophiolite toward the continent
(Kusky and Young, 1999). The ophiolite is juxtaposed against
the Valdez Group along a thrust (Fox Island shear zone of
Kusky and Young, 1999) along which a 53.4 :I: 0.9 Ma grano-
diorite pluton was emplaced (Bradley et al., 2000). Thus, only
a few million years elapsed between formation of the ophiolite
and its incorporation into the accretionary prism. Trace-element
abundances from basalts of the Resurrection and Knight Island
ophiolites are broadly MORB-like but show some enrichment
in incompatible elements (Lytwyn et al., 1997; Nelson and Nel-
son, 1993; Crowe et al., 1992). These trends can be explained
in terms of contamination of normal MORB with sediment in a
near-trench setting.

Basalt flows are interbedded with deep-sea fan deposits
that have been assigned to the Upper Cretaceous Valdez Group,
the Paleocene-Eocene Orca Group, and the Paleocene Ghost
Rocks Formation (Fig. 3). Volcanics of the Orca Group (Nel-
son et al., 1985; Crowe et al., 1992) are thought to be broadly
comparable to the ophiolites described above. Volcanics in
the Ghost Rocks Formation of Kodiak Island include andesite
and basalt flows interbedded with Paleocene turbidites. Volca-
nic rocks of the Valdez Group (Nelson et al., 1985; Lull and
Platker, 1990) have not been directly dated but if their nominaf
Late Cretaceous age assignment is indeed correct, they would
appear to be older than events of interest here.

OBDUCTED EARLY TERTIARY OPHIOLITES AND
ASSOCIATED MASSIVE SULFIDE DEPOSITS

Massive Sulfide DepositsGeology and Geochemistry

In Prince William Sound and on Kodiak Island, Paleocene
to Eocene turbidites are interbedded with mafic pillow lavas
and associated subvolcanic diabase and gabbro, an association
that has been interpreted in terms of a ridge-trench encounter.
Three of the larger belts include pillow lavas, sheeted dikes, and

More than 600 massive sulfide deposits and prospects are
known from the Chugach-Prince William terrane in Prince Wil-
liam Sound (Crowe et al., 1992). These deposits are inferred to
have formed syngenetically along a spreading ridge that at times
was sediment-covered, but at other times, or perhaps along
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associated with the Knight Island and Glacier Island ophiolites
or with volcanic rocks assigned to the Paleocene-Eocene Orca

Group, would appear to be roughly the same age as the 57 Ma

Resurrection Peninsula ophiolite. The origin of massive sulfide

deposits associated with volcanic rocks that have been mapped
as part of the Valdez Group remains problematic.

LATE CRETACEOUS-EARLY TERTIARY DEEP-
MARINE SEDIMENTATION

Late Cretaceous through Eocene deposition of turbidites

that were off scraped or underplated to build the Chugach-

Prince William accretionary prism was underway well before,

and continued long after, emplacement of the Sanak-Baranof

plutons. In the following we will refer to "stage I" as the

~IO m.y. interval preceding near-trench magmatism at a given

location, "stage 2" as the time ofnear-trench magmatism at that
location, and "stage 3" as the ~ 10 m.y. interval that followed.

Turbidites of stage 1, assigned to the Shumagin and Kodiak

Formations, Valdez Group, and Sitka Graywacke, have been

interpreted as trench-fill deposits (Moore, 1973; Nilsen and

Zuffa, 1982). The Maastrichtian fossil age of these deposits
shows that they were deposited 4 to 11 million years before
the onset of near-trench magmatism at the western end of the

Figure 9. Photomicrograph from the aureole of Nuka pluton showing
textural evidence for syntectonic contact metamorphism. Phenocrysts
of cordierite surrounded by asymmetric strain shadows of biotite in-
dicate that metamorphism was coeval with deformation. Note weak
inclusion trails in cordierite grains that record a layering--either bed-
ding or foliation-that existed prior to contact metamorphism ca. 56
Ma. Regional metamorphic grade is chlorite; cordierite and biotite are
found only within the aureoles of the Nuka and allied plutons.

Figure 10. Map showing the strike of dikes in the Sa~ak-Baranofbelt (from Haeussler et al., this volume).
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In south-central Alaska, most of the deposits are hosted by rocks

of the Valdez Group or the landward part of the Orca Group. In

southeastern Alaska, the gold deposits are hosted by the Sitka

Graywacke, and by older metamorphic and igneous rocks of the

Wrangellia composite terrane within about 5-10 km of the Bor-
der Ranges fault system. Many occupy faults, as discussed under
the next heading. 40 Ar/39 Ar ages on micas from ten of the gold

veins fall along the same age trend as the Sanak-Baranofplutons

(Haeussler et al., 1995) (Fig. 4A), requiring a common tectonic
setting for magmatism and the regional hydrothermal event.

The gold-bearing veins throughout the Alaskan margin

are typically discordant, steeply dipping, high-grade (many

30 g/t Au), and Telatively small. The quartz veins contain gold,

arsenopyrite, pyrite, and hydrothermal muscovite/sericite. The
small size of vein systems suggests that, on the scale of the

accretionary prism as a whole, fluid flow was relatively diffuse.

The most important producers in south-central Alaska were the
Cliff mine (location 18, Fig. 3), which yielded about 1.5 tonnes

Au from ore averaging 53 g/t, and the Granite mine (location

19, Fig. 3), which yielded about 0.75 tonnes Au. None of the

other small mines in south-central Alaska yielded more than

200,000 g Au. In contrast, the Chichagof/Hirst-Chichagofvein

systems in southeastern Alaska contain about 30 tonnes Au

(production plus reserves) from ore averaging slightly more
than 30 g/t Au. T~ese larger, more productive veins indicate a

more voluminous concentration of hydrothermal fluid. Gold-

farb et al. (1997) suggested that the onset oftranscurrent motion

along the southern part of the Border Ranges fault system may

have favored establishment ofa large second-order fault system

that was capable of the more extensive fluid focussing.

The gold deposits are regionally restricted to areas of green-

schist facies metamorphic rocks and are only rarely present in

lower- or higher-grade metamorphic rocks (Goldfarb et al.,

1986, 1997). 8180 values for quartz from more than 30 deposits

range between 13 and 17.5%0; fiuid-inclusion microthermometry

suggests that veins were deposited from low-salinity aqueous-

dominant fluids containing about 5-10 mol% gas at 210-360 °C

and 100-300 MPa (1-3 kbar). Quantitative mass spectrometry

indicates that the non-aqueous volatiles in the fluids include

C02, CH4, N2, and H2S. These data are together interpreted to

indicate that vein-forming fluids were produced from devolatil-

ization reactions within the previously accreted fiysch. Whereas

quartz veins (and thus fluid flow) are present throughout the

Chugach-Prince William terrane, the restriction of most gold
and arsenopyrite to veins in greenschist regions is consistent

with desulfidization reactions predominating in these moder-
ate p- T regions ( e.g., Ferry, 1981 ). The H2S made available to

crustal fluids during conversion of sedimentary pyrite to pyrrho-

tite is critical for complexing gold and arsenic in hydrothermal

solutions. The H2S is additionally likely to complex mercury,

and transport it into relatively low- T crustal regimes. Cinnabar,

which has been found in pan concentrates in many drainages
in the Seldovia quadrangle (Fig. 2), probably was derived from

some of the most shallowly emplaced vein systems.

belt. Paleoflow was along the trench axis, mainly toward the

western end of the belt (Moore, 1973; Nilsen and Moore, 1979)

(Fig.ll).
Sedimentary rocks that are interbedded with volcanic

rocks in the Orca Group, the Knight Island and Resurrection

Peninsula ophiolites, and the Ghost Rocks Formation cor-
respond to stage 2. Paleocurrent data from the Ghost Rocks

Formation indicate turbidity flows toward virtually every point

of the compass, in contrast with strong axial paleocurrents of

the slightly older Kodiak Formation (Nilsen and Moore, 1979).

Some paleocurrent data are also available for the Orca Group

(Winkler, 1976), which show flow directions toward the north,
west, and south, but not toward the east.

Accreted sedimentary rocks related to stage 3 lie imme-

diately outboard of the Sanak-Baranof near-trench intrusives,
the ophiolites, and the volcanic rocks. They are interpreted as

closely post-dating the near-trench magmatism episode. On
Kodiak Island and adjacent islands, Eocene deep-sea turbidites
of this outboard belt have been named the Sitkalidak Forma-

tion. Paleocurrent directions reported by Nilsen and Moore

(1979) are predominantly toward the southeast (i.e., seaward,

perpendicular to the margin).

Sandstone compositions show progressive changes through

the time interval of interest, as well as some anomalies corre-

sponding to stage 2 (Fig. 12). In Prince William Sound (Dumou-

lin, 1987, 1988) sandstones of Stage 1 (Valdez Group and
inboard part of the Orca Group) contain abundant volcanic lithic

clasts, locally abundant grains of pyroxene and amphibole, and

little quartz. They were derived from a progressively unroofing

magmatic arc with increasing input from subduction-complex

sources through time. Similar compositions have been reported

for the Kodiak Formation to the west, and the Sitka Graywacke

to the east ( e.g., Zuffa et al., 1980). Stage 2 sandstones interbed-

ded with volcanic rocks (locations 6,7, and 8, Fig. 3) are richer

in feldspar and quartz and generally finer grained and better

sorted than sandstones in adjacent areas. These differences

could be due to barrier effects of local topography. Stage 3 sand-

stones of the Orca Group on Montague Island (Fig. 3) and the

Ragged Mountain area (location 13, Fig. 3) are relatively rich in

quartz and sedimentary lithic clasts and correlate well with the

Sitkalidak Formation on Kodiak Island to the west (Nilsen and

Moore, 1979; Moore et al., 1983). Provenance of these younger

rocks reflects increased contributions from subduction complex

sources and waning input from a magmatic arc.

GOLD VEINS AND HYDROTHERMAL FLUID-FLOW
IN THE ACCRETIONARY PRISM

The Chugach-Prince William terrane is host to dozens
of small turbidite-hosted lode-gold deposits. Similarities in

structural setting, vein mineralogy, alteration assemblages,

stable isotope geochemistry, and fluid inclusion P-T-X data for
a distance of > 1000 km along the continental margin suggest a

common origin for these deposits (Goldfarb et al., 1986, 1997).
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Figure II. Map of the central portion of the Chugach-
Prince William terrane, showing paleocurrent direc-
tions from unimodal indicators, mainly turbidite cross
laminae and flute casts. A: Stage I, before near-trench
magmatism. B: Stage 2, during near-trench magma-
tism. C: Stage 3, after near-trench magmatism. Num-
ber in each rose diagram corresponds to number of
measurements. Rose diagrams for the Shumagin For-
mation are from Moore (1973); rose diagrams for the
Kodiak, Ghost Rocks, and Sitkalidak Formations are
derived from Nilsen and Moore ( 1979); rose diagrams
for the Orca Group are from Winkler (1976); rose dia-
grams for the Valdez Group are based on new data.
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Kusky et al. (1997a) interpreted the three sets as components
of a single orthorhombic fault population. Curved slickenlines
occur on faults of each type. Populations of minor brittle faults
that are broadly similar to those along Turnagain Arm have
also been reported from Kodiak Island (Byrne, 1984), Afognak
Island (Sample and Moore, 1987), and the Seldovia quadrangle
(Bradley and Kusky, 1992), as well as the various gold districts
(Haeussler et al., this volume, Chapter 5).

The abundance of brittle faults at many places along the
length of the Chugach-Prince William terrane, together with evi-
dence that many, at least, are broadly coeval with Sanak-Baranof
magmatism, indicates that the accretionary prism underwent
bulk, but non-penetrative deformation at the time ofnear-trench
magmatism. In Prince William Sound and the Kenai Peninsula,
brittle faulting resulted in a combination of orogen-perpendicu-
lar shortening and orogen-parallel extension. In southeastern
Alaska, the structural regime was one of dextral strike slip.

METAMORPHISM OF THE ACCRETIONARY PRISM
AND ASSOCIATED DUCTILE DEFORMATION

Figure 12. QFL (quartz, feldspar, lithic clasts) diagrams of sandstones
deposited before (Stage 1), during (Stage 2), and after (Stage 3) ridge
subduction. Abbreviations: RP-Resurrection Peninsula; KI-Knight
Island; EI-Ellamar Island. From Dumoulin (1987). The Chugach-Prince William terrane, unlike most accre-

tionary prisms, is characterized by anomalous areas of relatively
high-temperature, 1ow-pressure metamorphism. Typical back-
ground metamorphism, attributed to "normal" processes of sub-
duction-accretion, is the low-grade greenschist facies, which in
graywacke is recognized by the assemblage chlorite + epidote
:!: white mica (Miller, in Goldfarb et al., 1986). Fluid-inclusion
studies of synmetamorphic veins on Kodiak Island suggest
pressures of 200-300 MPa (2-3 kbar) (Vrolijk, 1987). Chlorite
geothermometry from quartz veins in the Chugach metamor-
phic complex suggests 325-350 °C during the greenschist-
facies event (Weinberger and Sisson, this volume, Chapter 9).

The largest area of high-grade rocks is the Chugach meta-
morphic complex (Hudson and Plafker, 1982; Sisson et al.,
1989), a 25 x 180 km belt ofamphibolite-facies metamorphism

affecting the Valdez Group. Mineral assemblages in the center
of the complex include biotite + garnet + staurolite + sillimanite
(Sisson et al., 1989). Metamorphic temperatures ranged from
600 to 650 °C and pressures ranged from 250 to 350 MPa (2.5-
3.5 kbar), corresponding to depths of7.5 to 10.5 km (Sisson et
al., 1989). The high-temperature metamorphism was superim-
posed on, and took place after the regionallow-grade event.

Smaller areas of anomalous metamorphism, also superim-
posed on the regiona1low-grade greenschist facies event, have
been mapped on BaranofIsland (Loney and Brew, 1987; Karl
et al., 1999) (Fig. 2), Prince William Sound (Miller, in Goldfarb
et al., 1986), the Kenai Peninsula (Bradley et al., 1999), and
the Matanuska Glacier area (Little and Naeser, 1989) (Fig. 13).
Several of the hotter areas reached amphibolite facies, which is
recognized in graywacke protoliths by the relatively low-pres-
sure assemblage biotite > muscovite + andalusite :!: cordierite :!:
garnet (Miller, in Goldfarb et al., 1986). Areas of amphibolite-
facies metamorphism in the southern Kenai Peninsula (Seldo-

BRITTLE FAULTING

Late brittle faults are common throughout many parts of the
Chugach-Prince William terrane, and some of these, at least,
were active at the time of near-trench magmatism. Most of the
gold-bearing veins described above were developed synkine-
matically along high-angle faults. 40 Arj39 Ar sericite ages from

these gold lodes thus link fault motion to the time ofnear-trench
magmatism. A structural synthesis of lode-gold deposits along
the length of the Chugach-Prince William terrane (Haeussler
and Bradley, 1993; Haeussler et al., this volume, Chapter 5)
has revealed both common themes and differences in the brittle
faulting history. In southeastern Alaska, gold mineralization was
coeval with movement on northwest-striking, margin-parallel
dextral faults. In south-central Alaska, gold mineralization was
associated with normal and strike-slip faults that strike at a high
angle to the continental margin and facilitated orogen-parallel
extension.

Some of the nonmineralized brittle faults from other parts
of the Chugach-Prince William terrane are likely the same age
as those associated with gold. Brittle faults are seen at nearly
every outcrop along Tumagain Arm near Anchorage (loca-
tion 16, Fig.3); they have been described by Bradley and
Kusky (1990) and Kusky et al. (1997a), who recognized: (1) a
conjugate set of normal faults that strike perpendicular to the
structural grain of accreted rocks; (2) a conjugate set of sinis-
tral and dextral strike-slip faults, the acute bisector of which
lies perpendicular to regional strike; and (3) a conjugate set
of synthetic and antithetic thrusts, parallel to regional strike.



36 D. Brad{ey et al.

via quadrangle; Bradley et al., 1999) are concentrically zoned

around ca. 56 Ma plutons and clearly are contact aureoles;

metamorphic textures indicate that pluton emplacement was

syntectonic (Fig. 10).
Ductile deformation that accompanied high-grade meta-

morphism has been best documented in the Chugach metamor-

phic complex, where Pavlis and Sisson (1995) recognized the
following structural sequence. The first deformation consisted
of imbrication and shortening of Valdez Group turbidites.

When traced beyond the Chugach metamorphic complex, this

deformation can be seen to have taken place at chlorite grade

and to correspond to the main accretion-related deformation

that is characteristic of Upper Cretaceous flysch units of the

Chugach-Prince William terrane ( e.g., Sample and Moore,
1987; Nokleberg et al., 1989). The two subsequent deformations
(D2 and D3) were synchronous with the high-Tmetamorphism

discussed above. D2 resulted in ductile, orogen-parallel exten-

sion, and in vertical shortening, which is indicated by recum-
bent folding of previously subvertical fabrics. D3 involved

dextral transpression. Pavlis and Sisson (1995) identified four

generations of Sanak-Baranof intrusives, the oldest of which
predated D2 and accompanying metamorphism, and the young-
est of which, north-striking dikes, are undeformed and were

emplaced after D3.

EARLY TERTIARY EVENTS IN INTERIOR ALASKA

To this point we have focused on the accretionary prism.

We now briefly discuss early Tertiary tectonism in areas located

150 to as much as 1000 km inboard of the pa1eotrench (Fig. 14).

Episodes ofbasin subsidence, magmatism, and uplift took place
at about the same time as near-trench magmatism, suggesting
the possibility of genetic connections. Precise correlations

between events in the accretionary prism and the interior, how-

ever, are hampered by uncertainties involving age control and
the timing and magnitude of displacements on margin-parallel

strike-slip faults (Miller et al., 2003).

Basin Subsidence

Several sedimentary basins in interior Alaska are approxi-

mately coeval with near-trench magmatism along the adjacent
sector of the Sanak-Baranofbelt. The Matanuska subbasin-one

of two arms ofCook Inlet forearc basin at its northern end (loca-

tion 15, Fig. 3)-underwent an episode of extension in early

Tertiary time (Little and Naeser, 1989). The basin lay about
150 km landward of the paleotrench during the early Tertiary.

Just prior to the time of interest, Upper Cretaceous shales and

turbidites of the Matanuska Formation were being deposited
in the forearc basin. These marine strata are disconformably

overlain by nonmarine conglomerate, sandstone, shale, and coal
of the Paleocene to Eocene Chickaloon Formation. Alluvial-fan

conglomerates along the southern flank of the basin contain
clasts of the McHugh Complex (Little, 1988); the Chugach-

Prince William accretionary prism must therefore have risen

above sea level by this time. Little and Naeser (1989) showed

that north-dipping normal faults were active during deposition

of the Chickaloon Formation along the southern basin margin.

Three volcanic ash horizons interbedded with coal in the upper

part of the Chickaloon Formation have yielded ages of 53.3 :1:
1.5 to 55.8 :1: 1.7 Ma (plagioclase K/ Ar and zircon fission track,

respectively; Triplehorn et al., 1984). The Talkeetna Mountains,
which flank the Matanuska subbasin on the north, also rose

during the early Tertiary. This is recorded by northerly derived

boulder conglomerates of the Arkose Ridge Formation (Trop and

Ridgway, 1999). The Arkose Ridge is assigned a late Paleocene

through early Eocene age based on fossil plants (Silberman and
Grantz, 1984) and on conventional K/Ar ages from intercalated
basalt (50.0:1: 2.5, 51.8:1: 1.6, and 56.2:1: 1.7 Ma-all whole

rock) and rhyolite (50.5 :1: 1.5 whole rock, 45.5 :1: 1.8 whole

rock, and 51.4:1: I K-feldspar) (Winkler, 1992). A belt ofJuras-

sic(?) mica schist (Winkler, 1992) just to the north has yielded
4°Arj39Ar white-mica ages of 59.7 :1: 0.3 Ma (near-plateau) and

56.6:1: 0.2 Ma (plateau) (S. Harland and L. Snee, 2001, written

commun.). Simultaneous extension and bimodal volcanism in
the Matanuska subbasin and exhumation of metamorphic rocks
in flanking highlands (location 22, Fig. 3) suggests that the

southern Talkeetna Mountains may represent a core complex.

Subject to the limitations of the geochronology, extension in the

forearc basin would appear to have been coeval with near-trench

magmatism along the adjacent part of the Sanak-Baranof belt
(e.g., 54 Ma Crow Pass pluton) (Fig. 4).

Approximately 400 km inboard of the paleotrench, in the
Alaska Range, the Cantwell Basin (Fig. 14) entered its second
of two evolutionary stages at about the same time. During the

first stage in Late Cretaceous time, the Cantwell Basin had

been the site of fluvial deposition; it has been interpreted as a

thrust-top basin formed in response to northward convergence
between the Wrangellia composite terrane and previously

accreted terranes to the north (Ridgway et al., 1997). The sec-

ond stage, during the late Paleocene to earliest Eocene, was

marked by mixed mafic and felsic volcanism and nonmarine

sedimentation. The volcanic rocks range in age from 59 Ma at
the base to 55 Ma at the top (40 Ar/39 Ar biotite ages; Cole et al.,

1999). This second phase of Cantwell Basin evolution broadly

correlates with near-trench magmatism, and may be related
to an episode of dextral motion along the Denali fault system

(Figs. I and 14) (Miller et al., 2003).

Approximately 600 km inboard of the paleotrench, the
Ruby-Rampart basin (Kirschner, 1994) (Fig. 14) is located
along the Victoria Creek fault, a strand of the Kaltag strike-slip

fault system. Its fill consists of nonmarine sandstone, conglom-

erate, coal, basalt, and rhyolite. Several of the volcanic rocks
have yielded Paleocene 40 Ar/39 Ar ages: A rhyolite has been

dated at 56 Ma (whole rock); a basalt at 60 Ma (whole rock);

two mafic dikes at 58 and 59 Ma (whole rock); and two quartz-

syenite dikes at 57.2 (biotite) and 57.8 Ma (whole rock) (P.
Layer, quoted in Reifenstuhl et al., 1997). The basin is flanked
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Figure 14. Map of Alaska showing se-
lected Paleocene-Eocene plutons, volca-
nic centers, basins, metamorphic rocks,
and other features. The four best-dated
plutons of this portion of the Sanak-
Baranof belt show the timing of near-
trench magmatism. Note synchronism of
various events in interior Alaska and
near-trench magmatism. Detailed inter-
pretation of interior events is hampered,
however, by the still-controversial offsets
across the margin-parallel strike-slip faults.
Large (many hundreds ofkilometers) dex-
tral offsets since ca. 55 Ma would require
comparing a particular location in the
backstop with a no-longer adjacent part
of the Sanak-Baranofbelt.

to the southeast by a fault-bounded belt of anomalously young

metamorphic rocks (mica schist, amphibolite, marble, and
quartzite), which have yielded 40 Ar/39 Ar ages of 62 Ma (white

mica) and 57 Ma (hornblende). Reifenstuhl et al. (1997) inter-

preted this unit as Ruby terrane or Yukon- Tanana terrane base-
ment (Paleozoic protolith, metamorphosed in Jurassic to Early

Cretaceous) that was rapidly exhumed during early Tertiary
extension. Simultaneous basin subsidence, bimodal volcanism,

and exhumation of metamorphic rocks within a strike-slip fault

system suggests a transtensional core complex.

region (Moll-Stalcup, 1994). In the Alaska Range (Fig. I ),
the interval from 58 to 55 Ma was marked by emplacement

of the McKinley series of plutons-peraluminous granites that

Lanphere and Reed ( 1985) interpreted as products of partial

melting of Mesozoic flysch in the unnamed collisional orogen

north of the Wrangellia composite terrane. A magmatic lull then

ensued, which was to last from ca. 55 to 40 Ma (Wallace and

Engebretson, 1984). North of the Alaska Range, the 66-47 Ma
Yukon-Kanuti magmatic belt includes several volcanic fields
that overlap the age of near-trench magmatism along the adja-

cent Sanak-Baranof belt. The following description is from

Moll-Stalcup (1994) and the rock units discussed are shown
in Figure 14. The Kanuti field consists of dacite, andesite, and

rhyodacite flows, domes, and tuffs erupted between 59.5 and
55.9 Ma. Similarly, the Tokatjikh field consists of andesite and

dacite dated at 59.6:!: 0.6 Ma. The Blackbum Hills field consists

Magmatism

The interval from ca. 75 Ma to 58 Ma was character-

ized by widespread subduction-generated magmatism in the

Alaska Range and backarc magmatism in the Kuskokwim
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of andesite flows dated at 65 Ma near the base, which toward

the top are interbedded with rhyolite domes and basalt flows,
and intruded by 56 Ma granodiorite. The upper part of the

Blackburn Hills succession shows a change from calc-alkalic

("arc-type") to mildly alkalic ("post-arc-type") compositions
ca. 56 Ma (Moll-Stalcup, 1994).

Uplift of the Brooks Range and North Slope

Apatite fission track studies reveal that 1000 kIn inboard
of the trench, the Brooks Range and the North Slope foreland

basin (Fig. 1) were exhumed during Paleocene time (O'Sullivan

et al., 1997). Rocks in the central Brooks Range cooled rapidly

through 110-50 °C during discrete episodes at ca. 100:1: 5, ca.
60:1: 4, and ca. 24 :1: 3 Ma. F oreland-basin strata just to the north

record cooling pulses at ca. 60:1: 4,46:1: 3,35:1: 2, and ca. 24:1: 3
Ma. The 60 Ma event came after 40 million years of quiescence

that had followed after collision-related Brookian shortening,

and is notable because both the orogen and its proximal fore-

land were affected-a pairing that requires a mechanism other

than thrust loading.

EARLY TERTIARY TECTONIC MODELS FOR ALASKA

Cascadia, Barbados). The spontaneous anatectic melting model
also fails to account for the fact that the latest Cretaceous flysch

is the same age along the 2200 km length of the belt, yet there is

a ten million-year difference between magmatism at the either

end of the belt. Finally, this model provides no driving mecha-

nism for deformation of the accretionary prism.

Trench-hotspot encounter. Another possible cause of
near-trench magmatism is overriding a sea-floor hot spot. Two

lines of evidence argue against this model. The first involves

the age and location of magmatism. Overriding a hotspot

would be expected to cause magmatism in only one place in

an accretionary prism, not along its entire length. Only in the

contrived case where the trend of the subduction zone was par-

allel to the relative motion of the overriding plate in a hot-spot

reference frame would near-trench magmatism be diachronous

along strike. Second, the distinctive alkalic signature ofhotspot

magmas are lacking.

Slab breakoff. This idea would entail the failure of what
had been a single, subducting oceanic plate. The more deeply

subducted part of the plate would have broken away and

descended into the deep mantle, leaving, in its wake, a slab

window. Slab breakoff has been suggested in a number of

collisional orogens-the result of jamming a subduction zone

with buoyant lithosphere-but to our knowledge has not been

demonstrated for any oceanic subduction zones.

Flexural extension of a subducting plate. Tysdal et al.

(1977) suggested that the Resurrection and Knight Island ophi-

olites formed by a variant of seafloor spreading when a single

subducting plate was flexed upon entering a trench. Flexural

extension, however, only affects the upper crust of a bending
plate, so a clear mechanism for partial melting of the mantle

would have been lacking.

Ridge subduction. Subduction of an active ridge-transform
system, our preferred model, provides a single, unifying expla-

nation for near-trench magmatism, low-pressure metamorphism,

deformation, and hydrothermal activity, geology of the ophiol-
ites, and the history of trench sedimentation and volcanism.

Subduction of very young seaftoo~ Melting of the accre-

tionary prism might perhaps have been a consequence of sub-
duction ofvery young ocean floor, but here the distinction blurs

with the ridge subduction model, because very young ocean

floor implies the nearby presence of even younger (zero-age)

ocean floor at a spreading ridge.
Subduction of a "leaky transform. " This mechanism, pro-

posed by Tysdal et al. (1977) to explain the Resurrection and

Knight Island ophiolites, also is merely a variant on the ridge
subduction model because all spreading ridges have transform

offsets and fracture-zone extensions.

We are now in a position to more thoroughly consider the
various tectonic scenarios mentioned in the Introduction. Any
viable model will need to account for the full range of coeval
early Tertiary events in the accretionary prism: near-trench

magmatism; low-pressure, high-temperature metamorphism;
brittle and ductile deformation; ophiolite genesis; and trench
sedimentation. Events in the Alaskan interior are less constrain-
ing for tectonic models because they can only be loosely tied to
events along the coast; a successful tectonic model nonetheless
should account for these events, at least qualitatively.

Eight possible explanations for near-trench magmatism-
all involving subduction along the Gulf of Alaska margin-are
explored below. The final three are variants of each other.

Arc magmatism. Kienle and Turner (1976) interpreted the
near-trench plutons as the roots of an arc that had migrated to an
extreme near-trench position. Even if the near-trench location
might be explained in terms of very steep subduction, the arc
model does not account for the diachronous age trend, nor for a
coeval magmatic belt ~200-300 km farther inland along what
had been the arc axis in latest Cretaceous time (Wallace and
Engebretson, 1984). For a brief time, the seaward and landward
belts coexisted, then magmatism tapered off in both.

Spontaneous melting of jlysch. Hudson et al. ( 1979)
regarded the Sanak-Baranof granitoids as anatectic melts of
recently accreted trench sediments. At best, this is only a partial
explanation, because the gabbroic plutons and basaltic dikes
of the Sanak-Baranof belt-volumetrically minor though they
are-require a mantle source. Moreover, spontaneous near-
trench melting is not happening at any of the thickly sedimented
Neogene accretionary prisms of the modem world ( e.g., Makran,

RIDGE SUBDUCTION-SLAB WINDOW MODEL

On a global mosaic of two dozen large and small plates,

divergent and convergent plate boundaries inevitably will

intersect. The term "ridge subduction" describes the entry of
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IMPLICATIONS OF THE SANAK-BARANOF TRIPLE
JUNCTION FOR PLATE RECONSTRUCTIONS

Identity of Subducted Plates

Although tectonism along the Pacific rim of Alaska since
the Cretaceous has undoubtedly been related to plate motions in
the Pacific, the identity of the oceanic plates that have bordered

Alaska is well established only since about the beginning of

the Oligocene. Subduction of a vast tract of oceanic crust has

obliterated the older marine magnetic anomalies that would

provide the basis for unique plate reconstructions for the Late

Cretaceous, Paleocene, and Eocene (Atwater, 1989). All Late
Cretaceous to early Tertiary marine-based plate reconstructions
show a Kula-Farallon spreading center that must have inter-

sected the western margin North America somewhere-the

question is where. Page and Engebretson (1984) handled this

uncertainty by showing possible end-member locations for this
trench-ridge-trench triple junction, a northern option in Wash-
ington (Fig. 17A), and a southern option in Mexico (the choice
does not affect Alaska one way or the other, because both are

so far south).

The near-trench plutons in Alaska provide onshore geo-

logic evidence that a trench-ridge-trench triple junction existed

along the continental margin-but in rocks now located some
3000 km along strike to the north of Page and Engebretson's

(1984) northern option. Most workers have nonetheless
interpreted the Sanak-Baranof near-trench magmatic belt as
the consequence of subduction of the Kula-Farallon ridge

(e.g., Marshak and Karig, 1977; Hill et al., 1981; Helwig and

Emmett, 1981; Bradley et al., 1993; Haeussler et al., 1995;
Sisson and Pavlis, 1993) (Fig. 17B). This is the most obvious

choice of ridge as it is the only one that is required to have then

existed in the northern Pacific but whose location is subject to

conjecture. An alternative-permitted by the vanished mag-
netic anomaly record-is that yet another spreading ridge was

responsible (Bradley et al., 1993; Miller et al., 2003; Haeussler
et al., 2000, 2003); such a ridge would have separated the Kula

plate from a hypothetical plate to the east (Fig. 17C). We sug-

gest the name Resurrection plate for this hypothesized plate, for

the Resurrection Ophiolite, which would be a remnant of it. In

the "Resurrection plate" model, evidence for Paleocene-Eocene

ridge subduction in Washington would be explained in terms
of the Farallon-Resurrection ridge, whereas the Sanak-Baranof

belt would be attributed to the Kula-Resurrection ridge. We
now lean toward a configuration resembling that in Figure 17C,

but acknowledge that a geometry like that in Figure 17B can-
not be ruled out. In light of this ambiguity, it is probably best

to refer to the site of inferred ridge subduction in Alaska as the

"Sanak-Baranof triple junction." It bears repeating that some
widely cited reconstructions show no ridge-trench encounter in
Alaska between 61 and 50 Ma (e.g., Engebretson et al., 1984,

1985; Wallace and Engebretson, 1984; Plafker and Berg, 1994,
their Fig. 5).

an oceanic spreading center into a subduction zone; it is not to

be confused with "aseismic ridge subduction," which applies to

such things as seamount chains that are embedded in a single

subducting plate. A spreading center, as such, ceases to exist
once it enters a subduction zone. In its place, an ever-widening

"slab window" opens downdip of the trench ( e.g., Thorkelson,

1996). This window is the interface between the base of the

overriding plate and hot asthenosphere that wells up from
beneath the two subducted, but still diverging plates. Several

triple junction types can result from the intersection between

broadly divergent and broadly convergent plate boundaries

(Thorkelson, 1996). The simplest and most fundamental type,
associated with subduction of ridge segments along a spread-

ing system, is the trench-ridge-trench triple junction ( e.g.,

Figs. 15A and 15C). The Chile triple junction, where South
America is overriding the spreading center between the Nazca

and Antarctic plates, is the best modern example of the trench-

ridge-trench geometry ( e.g., Cande and Leslie, 1986). Ridges
are commonly offset by transforms, and when one of these

enters a trench, the result is a trench-transform-trench triple

junction (Fig. 15B). This still qualifies as "ridge subduction"
in the loose sense that we favor. Two triple junctions along the

western margin of North America represent special cases of

"ridge subduction" in which one of the oceanic plates-in this
case the Pacific-is moving parallel to the subduction zone,

giving rise to trench-ridge-transform and trench-transform-

transform triple junctions. The principles of ridge subduction
have been examined by DeLong and Fox (1977), Dickinson
and Snyder (1979), Thorkelson and Taylor (1989), Hole et al.

(1991) and most thoroughly, by Thorkelson (1996).

Subduction of a ridge-transform system seems to account
for the wide range of early Tertiary events in Alaska, particu-

larly in the accretionary prism (Fig. 16). Ridge subduction ele-

gantly accounts for the existence and diachronous age progres-
sion ofnear-trench magmatism (Bradley et al., 1993). Because

triple junctions migrate, any effects of ridge subduction should
be diachronous along the strike of a subduction zone, except in

the two special cases where the ridge is either exactly parallel

or exactly perpendicular to the subduction zone. A subducting

ridge accounts for interbedded fiysch and pillow lavas in the

early Tertiary Resurrection ophiolite (Nelson et al., 1989; Bol et
al., 1992; Kusky and Young, 1999), and for submarine volcanics
interbedded with the Orca and Ghost Rocks fiysch sequences

(Moore et al., 1983). Such a ridge could have provided the heat

source for the anomalous low-pressure, high-temperature meta-

Illorphism in the Chugach metamorphic complex (Sisson and

Pavlis, 1993), and a way of generating and moving gold-bear-

ing hydrothermal fluids in the accretionary prism (Haeussler et
al., 1995). A ridge-trench encounter is likely to result in defor-

mation, due to indentation of the accretionary prism, to changes
in upper-plate rheology, and to changes in subduction direction.

Extension and magmatism in the Alaskan interior are entirely

consistent with subduction of a ridge and attendant opening of
a slab window.
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A
Figure 15. Schematic maps showing hypothetical interactions be-
tween ridge-transform systems and a convergent plate boundary. A:
Ridge segments are perpendicular to the trench. A slab window opens
between the subducted parts of the diverging plates. Were this gap at
Earth's surface, new seafloor would have filled it; instead it is filled
with hot asthenosphere that wells up to fill the vacancy. The trench-
ridge-trench triple junction is stationary but will suddenly jump to a
new position when the next transform reaches the trench. B: Ridge
segments are parallel to the trench. A transform is being subducted;
divergence across a previously subducted ridge segment has formed
an isolated slab window at depth. The trench-transform-trench triple
junction is stationary but will suddenly jump to a new position when
the next ridge segment reaches the trench. c: Ridge segments are at
an acute angle to the trench. The irregular shape of the slab window
resulted from subduction of transform segments. The trench-ridge-
trench triple junction will migrate southward until the next transform
enters the trench, whereupon the triple junction will move back in
the other direction. C wrt A and B wrt A are relative motions vectors.
Adapted, in part, from Thorkelson ( 1996).

B

and Coe, 1994}-but it is not known how much, if any, of the

bending took place before, during, and after ridge subduction.

Oroclinal rotation affected about half of the Chugach-Prince

William terrane, along with its near-trench plutons that record
the position of the Sanak-Baranof triple junction. Two quite

different mechanisms for bending have been suggested. One

possibility, implied by Coe et al. (1989), is that the hinge and
eastern limb remained nearly fixed with respect to stable North

America, while the western limb rotated southward. In this sce-
nario, but depending also on the age of northward translation

of the Chugach-Prince William terrane, the Sanak pluton could

have moved as much as 1000 km southward during oroclinal

rotation. An alternative possibility (Scholl et al., 1992) is that
the orocline formed by indentation of an originally straighter

margin, the hinge region corresponding to the indented area.

In this case, the Sanak end of the belt would not have moved

south with respect to North America. This choice between

mechanisms is important to early Tertiary tectonic recon-

structions because some plutons that track the Sanak-Baranof

triple junction might or might not have moved considerable

distances-before, during, or after ridge subduction. There are
so many possible combinations that the chances of guessing

correctly are poor.

c

Palinspastic Complication #2: Northward Terrane Transport
Palinspastic Complication #1: Oroclinal Bending

Formation of the southern Alaska orocline must also be
accounted for in relating the Sanak-Baranof triple junction to
plate reconstructions. Paleomagnetic data from a number of
sites suggest that during the early Tertiary, southwestern Alaska
rotated about 44° :!: 11° counterclockwise with respect to cra-
tonic North America (Coe et al., 1985, 1989). The time of oro-
clinal bending is bracketed between 66 and 44 Ma (Hillhouse

Paleomagnetic and geologic data each provide evidence,
some of it conflicting, on the amount of northward movement
of outboard terranes in Alaska. Some paleomagnetic studies
have been interpreted to show very large (1000-4000 km)
northward translations that were presumably taken up on mar-
gin-paral1el strike-slip faults ( e.g., Irving et al., 1996; Cowan
et al., 1997). Most important to the present discussion is the
amount of coastwise translation of the Chugach-Prince William
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Figure 17. Alternative plate reconstructions. In each, the southern Alaska orocline has been somewhat straightened and the Chugach-Prince
William terrane has been restored ~820 km southward along the margin. A: Kula-Farallon ridge intersects North America at the position of
Engebretson et al.'s (1985) "northern option." B: Kula-Farallon ridge intersects the Chugach-Prince William terrane (modified by Bradley et
al., 1993, from a diagram by Bol et al., 1992). C: Preferred model: a variant on B in which the ridge intersecting the Chugach-Prince William
terrane separated the Kula plate from a previously unrecognized plate to the east, which we have named the Resurrection plate (Haeussler et al.,
2000; Miller et al., 2003).

terrane (Fig. 1 ), and particularly its near-trench plutons, which
record the position of the Sanak-Baranof trench-ridge-trench
triple junction. For reconstructing the global plate mosaic, the
key issue is restoration of the Chugach-Prince William terrane
with respect to cratonic North America-the craton being the
starting point of a multiplate reconstruction circuit. In order to
link inboard and outboard events in Alaska, however, a more
intricate puzzle must be solved, involving timing and amount of
motion on all the significant margin-parallel faults. Two paleo-
magnetic results are particularly relevant to repositioning the
Sanak-Baranof triple junction. Paleomagnetic data have been
interpreted to indicate 13° :!: 9° of northward displacement of
the Chugach-Prince William terrane since 57 Ma (Bol et al.,
1992). Allowing for the 325° strike of the margin, this equates
to a coast-parallel translation of ~ 1745 :!: 1205 km, or a range of

about 540 to 2950 km. It bears noting, however, that Bol et al. 's
(1992) paleomagnetic data are from the Resurrection Peninsula
ophiolite (Fig. 1), which is interpreted to have been formed at
a spreading ridge some distance offshore from earlier accreted
parts of the Chugach-Prince William terrane. An unknown, but
conceivably large, fraction of the northward travel of the Res-
urrection Peninsula thus took place before it was even part of
the accretionary wedge (Kusky and Young, 1999). Paleomag-
netic data from the more inland Wrangellia composite terrane
in south-central Alaska show no latitudinal discrepancy with
respect to North America as far back as 65-55 Ma (Hillhouse
and Coe, 1994).

Geologic evidence from western Canada and eastern Alaska
suggests approximately 450 km of dextral displacement across
the Tintina fault (Dover, 1994) and approximately 370 km
across the Denali fault east of the oroclinal hinge (Lowey, 1998)
(Fig. 1 ). These distances are consistent with the paleomagnetic
data from the Chugach-Prince William terrane, but at odds with
the paleomagnetic data from the Wrangellia composite terrane,
which also lies outboard of the Tintina and Denali faults. Total
offset across the Border Ranges fault (i.e., the inboard boundary
of the Chugach-Prince William terrane) is debatable, but avail-
able evidence allows only minor offset since the Sanak-Baranof
belt formed. In southeastern Alaska, mapping by Johnson and
Karl (1985) showed that a near-trench intrusion, the ca. 51 Ma
Lake Elfendahl pluton (Table 1 ), crosscuts the fault, sealing this
segment since early Eocene. Similarly, Little and Naeser (1989)
identified a loose sedimentary linkage across the Border Ranges
fault in south-central Alaska, which suggests at most only a few
tens of kilometers of dextral offset between the two since the
early Eocene. On the other hand, Roeske et al. (this volume,
Chapter 6) have reported evidence for perhaps 700-1000 km
dextral motion between Late Cretaceous and middle Eocene, and
Smart et al. (1996) suggested as much as 600 km dextral offset
based on the notion that 120 Ma plutonic rocks found on either
side of the fault restore to a single cluster. Acknowledging that
no interpretation can satisfy all the geologic and paleomagnetic
data, in the following discussion, we use geologic offsets on all
faults totaling 820 km.
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Plate Geometry and Kinematics

Subject to straightening of the orocline and restoration of

820 kIn of dextral offset along the margin, Sanak Island would

have lain in a position near the present Kenai Peninsula at 61 Ma,

the onset ofnear-trench magmatism. If the Sanak-Baranoftriple

junction involved the Kula plate and the hypothesized Resur-

rection plate to the east (Fig. 17C), it would imply that the Res-
urrection plate would have been subducted before 61 Ma, the
Kula plate from 61 to 43 Ma, and the Pacific plate since then.

Alternatively, if the Sanak-Baranof triple junction involved the
Kula and Farallon plates (Fig. 17B), the Farallon plate would
have been subducted beneath Sanak Island unti161 Ma, the Kula

plate subducted from 60 to 43 Ma, and the Pacific plate since
then. As the ridge-transform system approached the subduction

zone, minor plates would undoubtedly have formed; these would
have been akin to today's Juan de Fuca and Gorda plates-small

remnants of the once-vast Farallon plate.

No direct evidence exists for the configuration ofridges and

transforms along the subducted ridge but transform segments
almost certainly would have existed. Paleomagnetic declina-

tions from sheeted dikes of the Resurrection Peninsula suggest
that the ridge trended 026° :!: 12° (Bol et al., 1992); transforms

would thus have trended 116°:!: 12°. The Sanak-Baranofbelt

includes "hotter" sectors within which intrusive rocks and/or

high-temperature metamorphic rocks are abundant, separated
by relatively "colder" areas. This might reflect, at least in part,
the subduction of ridge segments versus transform segments.

Sisson and Pavlis (1993), Pavlis and Sisson (1995), and Poole

(1996) have suggested that some of the complicated history of
the Chugach metamorphic complex might have been due to

backtracking of the triple junction along the continental margin
in connection with ridge-transform complexities.

The nature of tectonism along the margin just before and just
after near-trench magmatism suggests that the Sanak-Baranof

triple junction was the trench-ridge-trench type, as opposed to, for

example, a trench-ridge-transform type. This is best documented
on Kodiak Island and adjacent islands. In the latest Cretaceous

and earliest Paleocene, deposition of thick turbidite sequences

(Kodiak and Ghost Rocks Formations) was followed within a few

million years by penetrative deformation, including melange for-

mation, and then by near-trench plutonism. Immediatelyoutboard
of the belts containing near-trench intrusions are accreted Eocene

turbidites (Sitkalidak Formation) that are themselves deformed
and unconformably overlain by undeformed Oligocene strata

(Moore and Allwardt, 1980). The style and sequence of deforma-
tions of the Kodiak, Ghost Rocks, and Sitkalidak Formations has
been widely interpreted in terms of subduction-accretion along a

convergent margin (Byme, 1984; Sample and Moore, 1987).

As a subducting ridge passes a point along a convergent mar-

gin, the direction of subduction abruptly changes. Depending on

the angle between the ridge and margin, the sense of subduction

obliquity might also change. Such is the case at the present-day
Chile Triple Junction, which marks a divide between dextral and

sinistral margin-parallel strike-slip faults in the forearc (Kay et al.,
1993). In Alaska, however, dextral strike slip would appear to have

taken place before, during, and after the inferred ridge subduction

event. Roeske et al. (this volume, Chapter 6) have described evi-

dence for dextral motion on the Hanagita strand of the Border

Ranges fault system between ca. 85 and ca. 51 Ma, which spans

the time when the triple junction is inferred to have migrated past

this part of the margin. Passage of the Sanak-Baranoftriple junc-

tion coincided with episodes of margin-parallel strike slip else-
where, as well. In the Matanuska subbasin (location 15, Fig. 3),

Little (1988) has shown that dextral strike slip on the Border

Ranges fault system was coeval with emplacement of dacite dikes

that he correlated with similar dikes of the Sanak-Baranof belt.
In the Chugach metamorphic complex (Fig. 2), D3 deformation

took place relatively late in the near-trench high- T sequence,

and involved dextral transpression (Pavlis and Sisson, 1995). As

discussed earlier, subsidence and volcanism in the Cantwell and

Ruby-Rampart basins are consistent with episodes of strike slip

on the Denali and Kaltag faults, respectively (Fig. 1 ). Finally,
in southeastern Alaska, gold mineralization on margin-parallel

dextral faults was coeval with near-trench magmatism, and all

strike-slip faults that postdate gold-quartz veins are dextral. To the

extent that margin-parallel strike slip faithfully records subduc-
tion obliquity, subduction ofboth the leading and trailing oceanic

plates would appear to have had a dextral-oblique component.
Some recent attempts have been made to fine-tune the plate

reconstructions of Engebretson et al. (1984, 1985) in light of

information from the Sanak-Baranofbelt (e.g., Sisson and Pavlis,

1993; Pavlis and Sisson, 1995; Kusky and Young, 1999). The

Engebretson et al. (1985) reconstructions were a major landmark

but they are now in need of revision on several counts, irrespective

of any new onshore geologic constraints: (I) mounting evidence
has called into question the fixed hotspot assumption on which

these reconstructions were based (e.g., Molnar and Stock, 1987;

Tarduno and Cottrell, 1997); (2) new magnetic anomaly data and
picks are available for virtually the entire world ocean, which will

support more accurate North America-Africa-Antarctica-Pacific-

Kula-Farallon plate circuits; and (3) significant revisions have
been made to the magnetic polarity time scale ( e.g., Gradstein et

al., 1994; Berggren et al., 1995)--the basis for correlation between

seafloor spreading history and onshore geology. Until a new gen-

eration of oceanic-plate reconstructions is available, improvements

suggested by the Sanak-Baranofbelt and triple junction are prob-

ably best left as hypothetical scenarios (Fig. 17).

IMPLICATIONS FOR RIDGE-SUBDUCTION

PROCESSES

Ridge Subduction and Forearc Tectonics

Submarine accretionary prisms and subaerial contractional

orogenic belts owe their critical taper to a balance between the

strength of the wedge, basal friction, and basal and surface slopes

(Davis et al., 1983; Platt, 1986). As a subducting ridge migrates
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along a convergent margin, several mechanical effects might be
expected in an accretionary prism. One effect is simply topo-
graphic: At 2.7 kIn below sea level, a spreading ridge is a high-
standing, buoyant object rising far above normal ocean floor. The
trench would be expected to shallow, then deepen, as a subduct-
ing ridge passes a particular location (DeLong and Fox, 1977).
This effect can be seen in the Chile Trench, which systematically
shallows toward the Chile triple junction ( e.g., Thornburg and
Kulm, 1987, their Fig. 2). Judging from the Chilean example,
the bathymetric anomaly associated with the subducting ridge
in Alaska could have been perhaps 3 kIn high and several
thousand kilometers long. Geologic confirmation of this long-
wavelength effect has not been specifically sought in Alaska, but
anecdotal observations are at least consistent with what might be
expected. Rise of the accretionary prism above sea level during
late Paleocene or Eocene is recorded by detritus shed landward
into the forearc basin (Little and Naeser, 1989). The paleocur-
rent patterns of turbidites deposited along or near the continental
margin show a profound change at about the time of near-trench
magmatism, which could have been due to bathymetric changes
associated with the passage of the triple junction.

On a shorter wavelength, the subducting ridge crest itself is
likely to induce shortening and uplift in the immediate vicinity of
the triple junction. At the Chile triple junction, the ridge indents
the inner trench wall (Forsythe and Prior, 1992), and a similar
effect can be seen elsewhere in the world where aseismic ridges
are presently being subducted ( e.g., Cocos Ridge at the Middle
American Trench; Corrigan et al., 1990). The structural evidence
summarized above shows that margin-perpendicular shortening
did take place in the accretionary prism at the time of ridge sub-
duction in Alaska.

Another likely effect of ridge subduction involves a weak-
ening of the accretionary prism as a result of heating, both
advectively by rising magmas and conductively from hot asthe-
nosphere of the slab window. The fact that the Chugach-Prince
William accretionary prism was heated is self-evident from the
extent of near-trench plutons (Fig. 2) and of areas of mid-green-
schist and higher metamorphism (Fig. 13). In the Chugach meta-
morphic complex, D2 recumbent folds that Pavlis and Sisson
(1995) attributed to vertical shortening might be attributed to a
loss of strength of the prism. There is no evidence that the weak -
ened prism extended in a seaward direction, but it did extend par-
allel to the margin in areas ofboth ductile and brittle deformation
(Fig. 16). Eventually, as the triple junction moved on, it would
have left in its wake an accretionary prism that cooled with time.
The final outcome of ridge subduction in Alaska was an accre-
tionary prism that was riddled with isotropic plutons armored
by hornfels rims, undoubtedly stronger-and hence capable of
sustaining a steeper critical taper-than before.

seaward end of a north-south transect in the vicinity of the oro-
clinal axis: (I) pillow basalts and andesites that are interbedded
with trench deposits; (2) the near-trench plutons and dikes that
are the main basis for the ridge-subduction model; (3) volcanics
in the forearc basin; (4) the youngest plutons along the arc axis
in the Alaska Range that predate a magmatic lull of about 15
million years; and (5) widespread volcanics in a continental
backarc region. Each of these has potential analogues in the
modem world.

The Knight Island and Resurrection Peninsula ophiolites
are presumed to be analogous to ocean floor that is presently
being produced at spreading centers that are about to be sub-
ducted, such as the Chile Rise and the Gorda Ridge. Sheeted
dike complexes attest to an extensional tectonic setting. Inter-
bedded turbidites within the pillow sequence suggest proximity
to a trench. Trace-element data can be explained by sediment
contamination ofN-MORB-like magmas to yield arc-Iike trace
element signatures (Crowe et al., 1992; Nelson and Nelson,
1993; Lytwyn et al., 1997). Off-axis igneous activity in the
trench is perhaps represented by basaltic and andesitic flows
that are interbedded with flysch sequences and are not associ-
ated with sheeted dike complexes. Such anomalous volcanism
on the downgoing plate is the hallmark feature of ridge subduc-
tion east of New Guinea, where the Woodlark spreading center
has encountered the Solomon Trench (Taylor and Exon, 1987).

The near-trench intrusive rocks provide the strongest evi-
dence for ridge subduction. Trace-element and isotopic data are
best interpreted in terms of melting of flysch at depth in the
accretionary prism, the heat having been supplied by upwell-
ing asthenosphere in the slab window. The forearc volcanoes
shown in Figure 15 would be the extrusive equivalents ofintru-
sive rocks seen today at the present level of exposure. Modem
analogues are known from the Woodlark triple junction, where
active volcanoes dot the trench and forearc (Taylor and Exon,
1987), and the Chile triple junction, where a near-trench grano-
diorite pluton has been dated at 3.6 Ma (Forsythe and Nelson,
1985; Forsythe et al., 1986). Paleocene to Eocene volcanic
horizons in the Matanuska subbasin (location 15, Fig. 3) may
represent the landward continuation of the Sanak-Baranofigne-
ous province.

The age of arc magmatism in Alaska also can be explained
in terms of ridge subduction. Igneous activity along the 74 to
55 Ma Alaska Range magmatic belt was followed by a mag-
matic lull from 55 to 40 Ma (Wallace and Engebretson, 1984),
after which magmatism resumed. This sequence might be inter-
preted in terms of arc magmatism related to subduction of the
leading plate (prior to ridge subduction) followed by passage of
a slab window beneath the arc. By analogy, a volcanic gap in the
Andean arc landward of the Chile triple junction corresponds
closely to the predicted position of the slab window (Kay et al.,
1993; Cande and Leslie, 1986). Plutons in the Alaska Range
that just preceded the lull ( e.g., McKinley Series of granitic
rocks of Lanphere and Reed, 1985) would thus correlate with
passage of the thin, hot, trailing edge of the subducted slab

Magmatism Related to Ridge Subduction

Five igneous provinces in Alaska can be temporally linked
to ridge subduction (Fig. l6B). The following list starts at the
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recognized, presumably for want of clear-cut criteria. Alaska is
among the most prominent of the Tertiary examples and war-
rants continued research in the effort to recognize the geologic
effects of ridge subduction.
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beneath the arc. These plutons would be analogous to the most

southerly volcano in the Southern Volcanic Belt in Chile (Kay
et al., 1993), which is expected to be the next volcano to go

extinct as the slab window migrates into a position beneath it.

An alternative view is that the entire 80--45 Ma history of arc

magmatism in Alaska was due to subduction of a single plate,
the Kula (Bergman and Hudson, 1987); in our view, this does

not account for near-trench magmatism.

Early Tertiary volcanic rocks north of the Alaska Range

(e.g., Kanuti, Tokatjikh, and Blackbum Hills fields) correlate
in part with magmatism in the adjacent sector of the Sanak-

Baranofbelt. Kay et al. (1993) and d'Orazio et al. (2000,2001)
have described Neogene continental backarc volcanics in Pata-

gonia above the modern slab window associated with the Chile

triple junction. The Patagonian volcanics, which occur as far as
-650 km from the trench, are potential analogs for the Alaskan

volcanics.

Far-Field Uplift

Brief mention has been made of a Paleocene episode of

exhumation in the Brooks Range and its proximal foreland,
which permissibly overlaps the age of Sanak-Baranof magma-
tism in south-central Alaska. The question is whether or not a

slab window could conceivably have affected an area located as
far as 1000 km from the paleotrench. Fission track studies from

Patagonia, landward of the Chile triple junction, show that Neo-

gene ridge subduction has not caused denudation of the upper
plate (Thomson et al., 2001). On the other hand, far-field uplift
is predicted by geodynamic models of sublithospheric flow that

inevitably takes place in the wedge of asthenosphere above a

subducted slab and below an overriding plate (Mitrovica et

al., 1989). Modeling revealed that protracted subduction of
ocean floor in the Pacific would have caused long-wavelength

(>lOOOkm), high-amplitude (IOOOm) depression of both the
Canadian Rockies and the associated foreland. Conversely,

upon cessation of subduction ( e.g., as a result of collision, or

opening of a slab window), both orogen and foreland rebounded

(Mitrovica et al., 1989).
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